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Antiferromagnetic spintronics is an emerging research field which aims to utilize 
antiferromagnets as core elements in spintronic devices1,2. A central motivation toward this 
direction is that antiferromagnetic spin dynamics is expected to be much faster than ferromagnetic 
counterpart because antiferromagnets have higher resonance frequencies than ferromagnets3. 
Recent theories indeed predicted faster dynamics of antiferromagnetic domain walls (DWs) than 
ferromagnetic DWs4-6. However, experimental investigations of antiferromagnetic spin dynamics 
have remained unexplored mainly because of the immunity of antiferromagnets to magnetic fields. 
Furthermore, this immunity makes field-driven antiferromagnetic DW motion impossible despite 
rich physics of field-driven DW dynamics as proven in ferromagnetic DW studies. Here we show 
that fast field-driven antiferromagnetic spin dynamics is realized in ferrimagnets at the angular 
momentum compensation point TA. Using rare-earth–3d-transition metal ferrimagnetic compounds 
where net magnetic moment is nonzero at TA, the field-driven DW mobility remarkably enhances 
up to 20 km s−1T−1. The collective coordinate approach generalized for ferrimagnets7 and atomistic 
spin model simulations6,8 show that this remarkable enhancement is a consequence of 
antiferromagnetic spin dynamics at TA. Our finding allows us to investigate the physics of 
antiferromagnetic spin dynamics and highlights the importance of tuning of the angular 
momentum compensation point of ferrimagnets, which could be a key towards ferrimagnetic 
spintronics. 
Encoding information using magnetic DW motion is essential for future magnetic memory 
devices, such as racetrack memories9,10 . High-speed DW motion is a key prerequisite for making the 
racetrack feasible. However, velocity breakdown due to the angular precession of DW, referred to as the 
Walker breakdown11, generally limits the functional performance in ferromagnet-based DW devices. 
Recently, it was reported that the DW speed boosts up significantly in antiferromagnets due to the 
suppression of the angular precession4-6. However, the immunity of antiferromagnets to magnetic fields 
yields notorious difficulties in creating, manipulating, and detecting antiferromagnetic DWs, compared to 
ferromagnetic ones. One possibility to avoid these difficulties is offered by the synthetic 
antiferromagnets12, where the net magnetic moment can be controlled by tuning the thickness of two 
ferromagnetic layers coupled antiferromagnetically. However, they still suffer from the field-immunity 
when the net magnetic moment approaches zero, preventing the study of antiferromagnetic DW 
dynamics. Here we show that magnetic field-controlled antiferromagnetic spin dynamics can be achieved 
by employing ferrimagnets. 
There are a class of ferrimagnets, rare earth (RE)–transition metal (TM) compounds, where the 
spins of two inequivalent sublattices are coupled antiferromagnetically. Because of different Landé g-
factors between RE and TM elements, these ferrimagnets have two special temperatures below the Curie 
temperature: the magnetisation compensation temperature, TM, at which the two magnetic moments 
cancel each other, and the angular momentum compensation temperature, TA, at which the net angular 
momentum vanishes13-15. In particular, the existence of TA in ferrimagnets provides a framework to 
investigate antiferromagnetic spin dynamics. It is because the time evolution of the state of a magnet is 
governed by the commutation relation of the angular momentum, not of the magnetic moment. As a 
result, the nature of the dynamics of the ferrimagnets is expected to change from ferromagnetic to 
antiferromagnetic as approaching the angular momentum compensation point TA. Furthermore, the net 
magnetic moment of ferrimagnets is nonzero at TA and can thus couple to an external magnetic field, 
opening a new possibility of field-driven antiferromagnetic spin dynamics. 
In order to pursuit this possibility, we first describe distinguishing features of ferrimagnetic DWs 
near TA based on the collective coordinate approach7. A ferrimagnetic DW effectively acts as an 
antiferromagnetic DW around TA. The low-energy dynamics of a DW in quasi one-dimensional magnets 
is generally described by two collective coordinates, its position X and angle Φ, which capture the 
translational and spin-rotational degrees of freedom of the DW, respectively. In ferromagnets, they are 
gyrotropically coupled by the Berry phase that is proportional to the net spin density, and the motion of a 
DW slows down severely above a certain critical stimulus, engendering the phenomenon of the Walker 
breakdown11. In antiferromagnets, on the other hand, the dynamics of X and Φ are independent owing to 
vanishing the net spin density7. The DW dynamics in antiferromagnets is thus free from the Walker 
breakdown and can be fast in a broad range of external driving forces compared to that in ferromagnets.  
In the following, we explain a theory for the field-driven DW dynamics in ferrimagnets in high 
fields, which agrees with our experimental results as discussed later. The DW velocity can be derived as 
follows by invoking the energy conservation and the gyrotropic coupling between the two collective 
coordinates X and Φ (see Supplementary Information for microscopic derivations). For a sufficiently 
strong external field, the anisotropy energy can be neglected and the time derivatives of X and Φ can be 
considered to approach constant values16, VX  and  . The energy-dissipation rate caused by 
these dynamics is given by      22222112  VsαsαP Α , where Α is the cross sectional area of 
the magnet,  is the domain-wall width, 1α and 1s are the Gilbert damping constant and the spin angular 
momentum density of one sublattice, respectively, and 2α and 2s are for the other sublattice. Invoking the 
conservation of the total energy, the rate of energy dissipation can be equated to the decreasing rate of the 
Zeeman energy induced by the translation motion of the domain wall, which yields the equation, 
      VHMMVsαsα ΑΑ 212222211 22   , where 1M  and 2M are the magnetization of the 
two sublattices, and H is an external field. Note that the net magnetization, 21 MM  , does not vanish at 
TA due to the difference in the Landé g-factors of two sublattice atoms, which is essential to drive a DW 
with an external field. In addition, when there is finite net spin angular momentum 21 ss  , e.g., away 
from TA, the angular and linear velocities are related by the gyrotropic coupling whose strength is 
proportional to the net angular momentum  21 ss 
17. Balancing the gyrotropic force on Φ with the 
dissipative force yields    Vsssαsα 212211   . Solving the two aforementioned equations for V
and  , we obtain  
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As the system approaches the angular momentum compensation point 021  ss , the domain wall 
speed  V  increases, whereas the precessional frequency   decreases. At T = TA, X and Φ are completely 
decoupled and the pure translational dynamics of the DW is obtained, implying that the ferrimagnetic DW 
effectively acts as antiferromagnetic DW and its motion is driven by a magnetic field at T = TA.  
In order to prove the above theoretical prediction, we investigate DW dynamics in ferrimagnetic 
GdFeCo compounds. Figure 1 shows a schematic illustration of our sample. SiN(5 nm)/Gd23Fe67.4Co9.6 
(30 nm)/SiN(5 nm) films are deposited on intrinsic Si substrate by magnetron sputtering. GdFeCo is a 
well-known RE– TM ferrimagnetic compound, in which RE and TM moments are coupled 
antiferromagnetically18. The relative magnetic moments of RE and TM can be easily controlled by 
varying the composition or temperature, so that TM and TA can be easily designed in RE–TM 
ferrimagnets. The GdFeCo film is then patterned into microwires with 5 μm width and 65 μm length 
using electron beam lithography and Ar ion milling. A Hall bar is designed to detect the DW motion via 
the anomalous Hall effect (AHE) voltage, VH.  
We first characterise the magnetic properties of the GdFeCo microstrips. Figure 2a shows the 
hysteresis loops of GdFeCo microstrips at various temperatures. The AHE resistance, RH (RH = VH /I), is 
measured by sweeping the out-of-plane magnetic field, BZ. Square hysteresis loops are clearly observed, 
indicating that GdFeCo has a perpendicular magnetic anisotropy. The coercivity field, BC, and the 
magnitude of the Hall resistance change, ΔRH     ZZ BRBRR  HHH , are extracted from the 
hysteresis loops and summarised in Fig. 2b. BC increases with increasing temperature, but a sudden drop 
is observed at T = 220 K. A sign change of RH is observed at the same temperature. This is a typical 
behaviour of ferrimagnets at the magnetisation compensation temperature TM19. As T approaches TM, the 
net magnetic moment converges to zero, and thus, a larger magnetic field is required to obtain a 
sufficiently high Zeeman energy to switch the magnetisation. Thus, BC diverges at TM. The sign change of 
RH represents additional evidence of TM. The magneto-transport properties of GdFeCo are known to be 
dominated by FeCo moments because the 4f shell, which is responsible for the magnetic properties of Gd, 
is located far below the Fermi energy level20. Thus, the sign change of RH indicates a change in the 
relative direction of the FeCo moments with respect to the magnetic field, which occurs at TM. At T < TM, 
the Gd moment dominates over the FeCo moment so that the Gd moment aligns along the magnetic field 
direction. However, at T > TM, the FeCo moment is dominant and thus aligns along the magnetic field 
direction. Therefore, Fig. 2b allows us to identify TM for our GdFeCo sample, which is approximately 220 
K. 
Although TM can be easily determined by magnetisation or magneto-transport measurements, it is 
generally not easy to determine TA because TA is not related to the net magnetisation but rather to the 
angular momentum of the system. For GdFeCo, the net magnetisation M

 and angular momentum A

 are 
written as follows13,14,21. FeCoGd MMM

  and FeCoFeCoGdGdFeCoGd  /M/MAAA

 , where 
 FeCoGdM

 and  FeCoGdA

are the magnetic moment and angular momentum of the Gd (FeCo) sub-lattices, 
respectively, and     Bg  FeCoGdFeCoGd   is the gyromagnetic ratio of Gd (FeCo), where B  is the Bohr 
magneton and   is the reduced Plank constant. According to the literatures22–24, FeCog  (~2.2) is slightly 
larger than Gdg  (~2) owing to the spin-orbit coupling of FeCo and zero orbital angular momentum of the 
half-filled 4f shell of Gd; therefore, TA is expected to be higher than TM in GdFeCo.  
Based on above consideration, we measure the field-driven DW speed at T > TM using a real-time 
DW detection method25–27. We first saturate the magnetisation by applying a large negative field (|B| > 
|BC|) and then switch the field to the positive direction. This positive field is a DW driving field, Bd, and 
should be smaller than BC (|Bd| < |BC|). Next, we inject a current pulse into the electrode to create a DW by 
a current-induced Oersted field, as shown in Fig. 1. The created DW propagates along the wire due to the 
presence of Bd, and the DW motion is detected at the Hall bar by monitoring the changes in VH. Here, the 
changes in VH are recorded by an oscilloscope such that nanosecond time-resolution can be achieved. The 
DW speed can be calculated from the arrival time and the travel distance (60 μm) of the DW. The details 
of the measurement scheme are explained in the Method section.  
Figure 3a shows the DW speed as a function of Bd at several temperatures above TM. The DW 
velocity increases linearly with field for all temperatures. Such a linear behaviour can be described by
 0d BBv   . Here, μ is referred to as the DW mobility and B0 is the correction field, which generally 
arises from imperfections of the sample or complexities of the internal DW structure28,29. Figure 3b shows 
the DW velocity as a function of temperature for several bias fields. The DW velocity shows a sharp peak 
as expected near T = TA based on Eq. (1). The DW mobility μ is estimated from the linear fit in Fig. 3a 
(dashed lines) and is plotted as a function of the temperature in Fig. 3c. Starting from T = 260 K, which is 
slightly higher than TM, μ increases steeply, reaching its maximum at T = 310 K, and then decreases with 
a further increase in temperature. The peak mobility is as high as 20 km·s−1·T−1 at T = 310 K. These 
experimental results are in agreement with the analytical expression Eq. (1), which predicts a Lorentzian 
shape of the DW velocity near T = TA with the width 2211 sαsα  ~ . Such a consistency between 
experiment and theory manifests that the ferrimagnetic DW indeed acts as an antiferromagnetic DW at T 
= TA.  
We next perform atomic spin model simulations based on the atomistic Landau-Lifshitz-Gilbert 
(LLG) equation5,8 (see Method section for details) to verify the experimental result and theoretical 
prediction. We employ a set of the reduced magnetic moments around s1 − 𝑠2 = 0 as shown in Table 1. 
The total number of set is 9 in which the index 5 corresponds to the temperature at TA. We assume that a 
DW is of Bloch-type with perpendicular magnetic anisotropy along the z axis. Figure 4a shows the DW 
velocity as a function of the external field BZ, applied along the z axis. Velocities increase linearly with BZ 
for BZ  > 10 mT. The numerical results (circular symbols) are in excellent agreement with the analytic 
solution (solid lines) for the DW velocity for high fields in Eq. (1). The inset of Fig. 4a shows the DW 
velocity in low field regimes (BZ  < 10 mT). The Walker breakdown occurs in this regime except for the 
case of TA. The vertical dashed lines represent the Walker breakdown field. Figure 4b shows the DW 
velocity as a function of δs = s1 − 𝑠2. At δs = 0, the DW velocity is the highest, which agrees with the 
experimental result and theory. This good agreement also supports that field-driven antiferromagnetic 
spin dynamics is realized in ferrimagnets at TA. 
 To date, the angular momentum compensation point and its effect on the magnetisation dynamics 
have often been overlooked in studies of ferrimagnets. Laser-induced magnetisation switching18,30,31 and 
magnetic DW motion32–33, which have been major research themes of ferrimagnets, have mostly been 
studied without identifying TA. It has been investigated in the context of magnetic resonance or 
magnetisation switching by current around TA 14,15,34, but a clear identification of spin dynamics at T = TA 
have been remained elusive15. On the other hand, our results clearly show that the antiferromagnetic spin 
dynamics is achievable at T = TA. Moreover, such antiferromagnetic spin dynamics can be controlled by 
magnetic field due to the finite magnetic moment at T = TA, which opens a way of studying field-driven 
antiferromagnetic spin dynamics. Furthermore, the fact that field-driven DW speed exhibits a sharp and 
narrow peak at TA provides a simple but accurate method to determine TA, which has not been possible. 
We also achieve a fast DW speed near room temperature, opening a possibility for ultra-high speed 
device operation at room temperature. We expect that such findings are also advantageous for current-
induced DW motion in ferrimagnets. A low threshold current density, more than one order of magnitude 
smaller than that of ferromagnets, has already been demonstrated in ferrimagnets32–33. Therefore, by 
tuning TA, one could obtain high-speed and low power consumed spintronic devices using ferrimagnets, 
which could even be superior to ferromagnetic systems. To conclude, our work suggests that revealing 
and tailoring TA, which has not been paid much attention, is crucial for controlling ferrimagnetic 
magnetisation dynamics, and therefore could be a key for realising ferrimagnetic spintronics.  
Method 
Film preparation and device fabrication. The studied samples are amorphous thin films of 
Gd23Fe67.4Co9.6 of 30 nm thickness which have been deposited by magnetron sputtering. To avoid 
oxidation of the GdFeCo layer, 5 nm Si3N4 were used as buffer and capping layers, respectively. The 
films exhibit an out-of-plane magnetic anisotropy. GdFeCo microstrips with a 100 nm-wide Hall bar 
structure were fabricated using electron beam lithography and Ar ion milling process. A negative tone 
electron beam resist (maN-2403) was used for lithography at a fine resolution (~5 nm). For current 
injection, Ti(5 nm)/Au(100 nm) electrodes were stacked on the wire. To make an Ohmic contact, the 
Si3N4 capping layer was removed by weak ion milling before electrode deposition. 
Experimental setup for field-driven domain wall motion. A pulse generator (Picosecond 10, 300B) 
was used to generate a current pulse to create the DW. 100mA and 10ns current pulse is used to create the 
DW. For field-driven DW motion, 1mA dc current (corresponding current density is 7  109 A·m−2) was 
flowed along the wire to generate anomalous Hall voltage, VH. Yokogawa 7651 was used as a current 
source. The VH at the Hall cross was recorded by the oscilloscope (Textronix 7354) through the 46 dB 
differential amplifier. Low temperature probe station was used for measuring the DW motion in a wide 
range of temperature.  
DW detection technique. We used a time-of-flight measurement of DW propagation to obtain a DW 
speed in a flow regime. The procedure for measuring the DW speed is as follows. First, a large out-of-
plane magnetic field Bsat = −200 mT is applied to reset the magnetisation. Next, a drive field Bd, in the 
range of |BP| < |Bd| < |BC|, is applied in the opposite direction. Here, BP is the pinning field of DW motion 
and BC is the coercive field of the sample. Since the Bd is smaller than the BC, the drive field does not 
reverse the magnetisation or create DWs. Next, a current pulse (100 mA, 10 ns) is injected by a pulse 
generator to create a DW next to the contact line through current-induced Oersted field. As soon as the 
DW is created, the Bd pushes the DW because the Bd is larger than the BP. Then the DW propagates along 
the wire and passes through the Hall cross region. When the DW passes through the Hall cross, the Hall 
voltage changes abruptly because the magnetisation state of the Hall cross reverses as a result of the DW 
passage. This Hall signal change is recorded by the oscilloscope through the 46dB differential amplifier. 
We refer to this as a ‘signal trace’. Since the detected Hall voltage change includes a large background 
signal, we subtract the background from the ‘signal trace’ by measuring a ‘reference trace’. The reference 
trace is obtained in the same manner as the signal trace, except that the saturation field direction is 
reversed (Bsat = +200 mT). In this reference trace, no DW is nucleated, so that only the electronic noise 
can be detected in the oscilloscope in the reference trace. To obtain a sufficiently high signal-to-noise 
ratio, we averaged the data from 5 repeated measurements.  
Atomic spin model simulation. We adopt the atomistic model simulation since the ferrimagnet consists 
of two magnetic components, i.e., RE and TM on an atomic scale. The one-dimensional Hamiltonian of 
ferrimagnet is described by ℋ = 𝐴𝑠𝑖𝑚 ∑ 𝑺𝒊 ∙ 𝑺𝒊+𝟏𝑖 − 𝐾𝑠𝑖𝑚 ∑ (𝑺𝒊 ∙ ?̂?)
2
𝑖 + 𝜅𝑠𝑖𝑚 ∑ (𝑺𝒊 ∙ ?̂?)
2
𝑖 , where 𝑺𝒊 is the 
normalized magnetic moment at lattice site 𝑖. The odd number of 𝑖 represents a site for TM, and the even 
number of 𝑖 represents a site for RE. 𝐴𝑠𝑖𝑚, 𝐾𝑠𝑖𝑚, 𝜅𝑠𝑖𝑚 denote the exchange, easy-axis anisotropy along the 
z axis, and hard-axis anisotropy, respectively. We solve the atomistic LLG equation  
𝜕𝑺𝒊
𝜕𝑡
= −𝛾𝑖𝑺𝒊 ×
𝑯𝒆𝒇𝒇,𝒊 + 𝛼𝑖𝑺𝒊 ×
𝜕𝑺𝒊
𝜕𝑡
, where  𝑯𝒆𝒇𝒇,𝒊 = −
1
𝑀𝑖
𝜕ℋ
𝜕𝑺𝒊
  is the effective field, γi = gi 𝜇𝐵 ℏ⁄  is the gyromagnetic 
ratio, and 𝑀𝑖 is the magnetic moment for site 𝑖. We use parameters as 𝐴𝑠𝑖𝑚 = 7.5𝑚𝑒𝑉, 𝐾𝑠𝑖𝑚 =
0.3𝑚𝑒𝑉, 𝜅𝑠𝑖𝑚 = −0.8𝜇𝑒𝑉, damping constant 𝛼𝑇𝑀 = 𝛼𝑅𝐸 = 0.004, the lattice constant is 0.4 nm, and 
Landé g-factors for each site are gTM = 2.2 and gRE = 2. 
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Figure Legends 
Figure 1| Schematic illustration of Device structure. Schematic illustration of GdFeCo 
microwire. The inset shows schematic illustration of two spin sub-lattices below and above the 
magnetisation compensation temperature, TM. Blue and red arrows indicate Gd and FeCo moments, 
respectively. 
Figure 2| Identification of magnetisation compensation temperature TM. a, Anomalous Hall 
effect resistance RH as a function of perpendicular magnetic field BZ for several temperatures as denoted 
in the figure. b,. Coercive field, BC, and the magnitude of the Hall resistance change, ΔRH 
    ZZ BRBRR  HHH with respective to the temperature. The region shaded in red indicates the 
magnetisation compensation temperature TM 
 
Figure 3| Field-driven domain wall (DW) dynamics across the angular momentum 
compensation temperature TA. a. DW speed v as a function of driving field Bd for several 
temperatures as denoted in the figure. Dashed lines are best fits based on  0d BBv   . b. DW speed v 
as a function of temperature T for several driving fields as denoted in the figure. c. DW mobility μ as a 
function of temperature T. The red and blue shaded regions in b and c indicate the magnetisation 
compensation temperature, TM, and angular momentum compensation temperature, TA, respectively. 
 
Figure 4| Simulation results of ferrimagnetic domain wall (DW) a. DW speed as a function of 
the out-of-plane field BZ for various indices (see Table 1). Symbols are numerical results whereas solid 
lines are Eq. (1). Inset shows low field regimes, where vertical dotted lines indicate the Walker 
breakdown fields. b. Computed DW speed as a function of of δs = s1 − 𝑠2 at various values of BZ.  
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 TABLE 1. Parameters used in the numerical simulation. 
Index 1 2 3 4 5 6 7 8 9 
𝑴𝑭𝒆𝑪𝒐(𝒌𝑨/𝒎) 1120 1115 1110 1105 1100 1095 1090 1085 1080 
𝑴𝑮𝒅(𝒌𝑨/𝒎) 1040 1030 1020 1010 1000 990 980 970 960 
𝜹𝒔(𝟏𝟎
−𝟕 𝑱 ∙ 𝒔  𝒎𝟑⁄ ) -1.24 -0.93 -0.62 -0.31 0 0.31 0.62 0.93 1.24 
 
 
